S. Changes in the contents of retinol, α-tocopherol and β-carotene in plasma, milk and milk fat from 38 Holstein-Friesian cows were followed during their first lactation, and the quantitative and kinetic relationships for secretion of α-tocopherol and β-carotene from blood into milk were determined. The cows were assigned to three groups such that all cows in the same group had the same sire. Milk yield and milk fat content differed with stage of lactation, but not according to sire. The plasma concentrations of retinol, α-tocopherol and β-carotene differed with stage of lactation ; in addition, retinol and β-carotene concentration also differed according to sire. The concentrations of all three vitamins in milk and milk fat differed according to sire and stage of lactation. Furthermore, the total secretion of retinol, α-tocopherol and β-carotene into milk (expressed as mg\d) differed with sire and stage of lactation. The quantitative secretion of α-tocopherol and β-carotene from blood into milk followed Michaelis-Menten kinetics for active transport across membranes. Values of maximum secretory capacity V max and the half-rate constant K m for both α-tocopherol and β-carotene varied according to sire. Overall means for V max for α-tocopherol and β-carotene were 32n4 and 2n5 mg\d. Thus, the daily secretion of α-tocopherol and β-carotene is limited in quantity, and is independent of the yields of milk and milk fat. It follows that continuing breeding and management systems that focus solely on increasing milk and milk fat yield will result in a steady dilution in the milk fat of these vitamins and antioxidants important for the immune defence of the cows and oxidative stability of milk products. The genetic variation found offers the possibility of utilizing these variations in breeding systems.
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Contents of the fat-soluble vitamins A and E and β-carotene in milk are very dependent on the amounts consumed by the cows. The highest levels are normally found during spring and summer, when cows are fed on fresh vitamin-rich pasture. Vitamin A and β-carotene contents also depend on breed : Channel Island cows, Jerseys and Guernseys, have higher β-carotene and lower vitamin A contents in the milk fat compared with other breeds (Thompson et al. 1964) .
In recent years, vitamin E and β-carotene have attracted greater interest because they reduce oxidation problems in milk fat (Nicholson & St-Laurent, 1991 ; Charmley & Nicholson, 1994) . Vitamins A and E and β-carotene are also of interest in relation to health problems such as mastitis and the immune defence of the cows (Johnston & Chew, 1984 ; Batra et al. 1992 ; Politis et al. 1995 ; Hogan et al. 1996) . However, information on differences between individual cows in their capacity to transfer these vitamins from feed to blood and then into milk is very limited.
The mechanism involved in the transfer of fat-soluble vitamins from feed to milk is poorly understood. Absorption in the small intestine is believed to be controlled by passive diffusion and is strongly enhanced by increased dietary fat (Brubacher & Weiser, 1985 ; Cohn et al. 1992 ; Charmley & Nicholson, 1994) . After incorporation into chylomicrons β-carotene is predominantly transported by low density lipoproteins (Traber et al. 1994) , while tocopherols are transported in the blood plasma by both low density and high density lipoproteins (Cohn et al. 1992 ; Al Senaidy, 1996) . The process involved in the final transportation of tocopherols and retinol esters from plasma lipoproteins into milk fat is not known, but only a small proportion of the vitamins present in the feed is secreted into milk (Hidiroglou, 1989) . Yeargan et al. (1979) suggested that there is an upper physiological limit for secretion of vitamin E into milk of " 45 µg α-tocopherol\g milk fat.
The aim of the present study was to investigate the contents of vitamins A and E and β-carotene in milk from Holstein-Friesian cows during their first lactation in order to improve knowledge of their patterns of secretion and investigate differences between individual cows. An additional aim was to elucidate whether the transport of α-tocopherol and β-carotene from blood to milk is by a passive or an active process. As the liver plays an important role in the secretion of vitamin A into milk (Tomlinson et al. 1974) , the kinetic and quantitative relationships between plasma concentration and secretion into milk were investigated only for α-tocopherol and β-carotene.
  

Cows, diets and recording of production
A total of 38 Holstein-Friesian cows in their first lactation with three different sires (A, B and C) were used in the investigation. Age at calving was 25p2 months and live weight just after calving was 509p47 kg (meansp).
In the first 6 months post partum, the cows were given a constant daily amount of concentrate mixture (4n3 kg dry matter (DM)) irrespective of milk yield. In addition, a silage-fodder beet mixture was given ad lib. On average, this diet was expected to supply the cows with a daily energy intake of 180 MJ metabolizable energy in mid lactation.
After the 6th month of lactation and until drying-off, the level of concentrate was adjusted to the actual milk yield and demand for regrowth according to the usual practice at this Institute. The cows received decreasing amounts of concentrates from an average of 4n1 kg DM at 304 d in milk to 3n1 kg DM at 323 d in milk and 2n0 kg DM at 328 d in milk. The corresponding quantities of roughage given were 10n2, 11n1 and 11n2 kg DM. After 24 weeks lactation, about half the remaining 31 cows were fed on pasture (mix of white clover and rye-grass) for 4-12 weeks before they re-entered the barn. Details of feeding and management were given by Ostersen et al. (1997) .
Estimated average intakes of natural α-tocopherol for the cows in the barn and on pasture were 750 and 1250 mg\d. The corresponding values for β-carotene were 500 and 1500 mg\d. Throughout lactation, individual feed intake was recorded daily and milk yield was measured every fortnight.
Milk sampling and measurements
Individual milk samples were collected in weeks 1, 2, 5, 9, 18, 24, 29, 44 and 47 after parturition. The cows were dried off in week 48. On sampling days, milk was collected at the evening and the following morning milking with a Tru-Test HI milk sample collector (Tru-Test Distributors Ltd, 51-078 Auckland, New Zealand) adjusted to collect 22 ml\l milk yield. The evening samples were stored overnight at 0 mC, and within 6 h of the morning milking the combined samples were pasteurized (at 63 mC for 30 min) and then stored at -20 mC. To ensure homogeneous sampling the milk samples were heated to 40 mC for 20 min and stirred prior to analysis.
Blood sample collection
Blood samples were obtained from the jugular vein into 10 ml heparinized tubes (Becton Dickinson Vacutainer Systems Europe, F-38241 Meylan Cedex, France). The first blood sample was collected 7-12 d before expected calving and was designated (k1) if the cow calved within 7 d and the second (0) 7 d after the first sample. Blood samples were collected half way between morning and evening milkings on the day the evening milk sample was collected. Blood plasma was collected and stored at k20 mC until analyses after centrifugation at 1000 g and 4 mC for 10 min.
Vitamin analyses
Concentrations of retinol, β-carotene and α-tocopherol were determined by HPLC after saponification and extraction into heptane-di-isopropyl ether (3 : 1, v\v) for retinol and β-carotene and into heptane for α-tocopherol. The procedures have been described previously for measuring retinol (Jensen, 1994) and β-carotene and α-tocopherol (Jensen & Nielsen, 1996) .
Kinetic calculations
If an active carrier process is involved in the transportation of vitamins from blood to milk, the process can be quantified by applying the Michaelis-Menten equation to active transport through membranes
where V is the actual and V max is the maximum transportation velocity, which are expressed in mg\d in the present study. The substrate concentration [s] is the vitamin concentration in the blood plasma (expressed as µg\ml), on the assumption that the vitamin E and β-carotene concentrations in plasma are in equilibrium with the whole body pool. K m is the substrate concentration at which the transportation rate is half the maximum.
Statistical methods
Results were evaluated statistically using PROC MIXED in SAS (1989) . Effects of sire, week of lactation and their interaction were analysed by the model
where Y ijk is an individual observation for a given cow at a given stage of lactation, µ is the overall mean, α i is the sire of the cow (i l 1, 2 or 3), β j is a given week of lactation (j l 1 to 9), (αβ) ij is the interaction between sire and week of lactation, γ k is the cow (k l 1 to 38) and e ijk is the residual. Cow effects were included in the model as a random component. All values are presented as least square means and . The relationship between vitamin content in blood plasma and secretion into milk for each cow was evaluated by linear regression analysis using the statistics tool in Excel (Microsoft Excel for Windows 95 v. 7.0, Microsoft Corporation, Redmond, WA 98052-6399, USA). P 0n05 was taken to be significant.

Milk yields and fat contents according to week of lactation and sire are shown in Table 1 . It had not been possible to obtain equal numbers of cows for all sires, but milk yield and fat content did not differ according to sire. However, both differed significantly with week of lactation (P 0n001) although with no significant interaction between sire and week. The highest milk yields were in weeks 5-9.
The contents of retinol, β-carotene and α-tocopherol from 1 week before calving until drying-off at week 47 after calving as a function of sire are shown in plasma ( Fig. 1 ) and milk fat (Fig. 2) . (Because the variations in vitamin concentrations in milk fat and whole milk were closely similar, only the former are shown.) Total amounts secreted daily are shown in Fig. 3 . Overall means and the relevant statistical analysis of the effects of sire, week of lactation and their interaction are given in Table 2 .
Plasma
Retinol concentrations varied significantly during lactation, and there was also a strong interaction between sire and week, because cows from sire A did not have the same decrease around parturition as cows from sires B and C ( Fig. 1 and Table 2 ).
Before calving, plasma β-carotene was close to zero ( Fig. 1) . After calving, the cows' feed changed from barley straw to a more β-carotene-rich diet (grass silage) and the plasma concentration increased, reaching a plateau after 18 weeks lactation. Like plasma retinol, plasma β-carotene decreased prior to drying-off. The effect of the sire was also significant.
Plasma α-tocopherol increased during the major part of the lactation period. Concentrations were independent of the sire, but there was a significant interaction between sire and week. This was caused mainly by cows from sire C in week 29 of lactation, and was due to a higher response of plasma α-tocopherol to grazing (Fig.  1 ). In addition, cows from sires A and C had lower plasma α-tocopherol levels prior to calving and up to 10 weeks after calving compared with cows from sire B. However, cows from sire B had the lowest plasma α-tocopherol levels from 18 weeks after calving for the rest of the lactation period.
Milk
For the first 2 weeks of lactation retinol in milk fat was higher in cows from sire A compared with the other cows (Fig. 2) . From the fifth week of lactation until drying-off, milk fat retinol increased almost linearly in all cows. As with retinol in blood plasma, retinol in milk fat differed with time and there was an interaction between week and sire.
β-Carotene in milk fat increased almost linearly throughout lactation. Milk fat β-carotene levels were similar for cows from sire B and sire C, but significantly different for cows from sire A. 
α-Tocopherol in milk fat also increased almost linearly from the beginning of the lactation until week 44, although most cows from sires A and C had lower values in weeks 1 and 5 (Fig. 2) . Neither the effect of sire nor the interaction between sire and week was significant.
Looking at the amount of vitamins secreted into the milk per day, a quite different picture arises (Fig. 3 and Table 2 ). The majority of the cows investigated secreted 8-9 mg retinol into the milk each day during most of the lactation period.
β-Carotene was secreted into the milk in only very small amounts at the beginning of lactation, owing to the limited amounts present in the feed prior to calving, but secretion increased between weeks 5 and 44, reaching a peak at week 29. There were significant effects of both week and sire (Table 2) .
Secretion of α-tocopherol into the milk increased markedly between weeks 2 and 5 of lactation and between weeks 9 and 44 cows secreted an average of 20-32 mg\d. Cows from sires A and C secreted the most and had the greatest response to grazing. The effects of both sire and week were highly significant (Table 2) , but in contrast to plasma α-tocopherol there was no interaction between sire and week.
Effect of grazing
After 4 weeks grazing the cows on grass produced 3n9 kg milk\d less than before grazing or cows remaining on silage (P l 0n005). The fat, retinol and β-carotene contents of the milk were similar whether the cows were grazing or given silage. The contents of α-tocopherol in plasma, milk and milk fat increased during grazing (P l 0n003, 0n008 and 0n024 respectively), but the total secretion into milk in mg\d was unchanged.
Kinetic studies
The Michaelis-Menten equation can be expressed by three different linear plots :
). In the present study, Hanes plots of corresponding plasma and milk values gave the most equal distribution of data points and so were used for all the results. If the secretion of α-tocopherol or β-carotene into milk is by passive diffusion, a plot of plasma concentration v. the amount secreted into the milk per day should give a straight line through the origin. However, plots from all cows gave non-linear relationships (P 0n0001 ; results not shown) with intercepts different from zero. Values are least square means and CV for retinol, β-carotene and α-tocopherol were 13n7, 10n7 and 13n1 % respectively. α-Tocopherol. Estimates of V max for individual cows varied from 22n2 to 47n9 (mean 32n4) mg\d and the half rate constant K m also varied considerably. Statistical analysis showed that both V max and K m were significantly different for cows from the three sires (Table 3) . 
0n0001 † V max are the maximum transport velocities and K m the apparent Michaelis constants calculated from the Michaelis-Menten equation assuming that the α-tocopherol and β-carotene in plasma were in equilibrium with the whole body pools ; values were calculated by analysis of variance of results for each cow from each sire. For details, see text.
The highest V max values were in cows from sire C : these had a potential mean secretory capacity of 36n3 mg α-tocopherol\d into the milk. K m values for cows from sire A were significantly lower than those for cows from sires B and C (P l 0n0007). This means that cows from sire A reached half their maximum secretion capacity (12n0 mg\d) for α-tocopherol at a concentration of 0n13 µg α-tocopherol\ml plasma, whereas cows from sires B and C reached half their maximum secretory capacity only at a 10-fold higher plasma concentration.
β-Carotene. Hanes plots gave straight lines for most cows, but estimates for V max and K m within cows from the same sire varied more than corresponding estimates for α-tocopherol, and the maximal secretion capacity values for β-carotene also varied widely. The maximal secretory capacity of β-carotene into milk varied from 1n5 to 3n6 (mean 2n5) mg\d. Analysis of variance showed that V max for cows from sire B was significant higher than values for cows from sires A and C. K m also differed significantly between cows from the three sires (Table 3) .

Plasma retinol, β-carotene and α-tocopherol contents were very similar to earlier findings (Johnston & Chew, 1984 ; Goff & Stabel, 1990 ; Miller et al. 1995 ; Jukola et al. 1996 ; Smith et al. 1997) . Plasma concentrations of β-carotene in cows from different herds and in different geographic locations vary widely because of differences in dietary β-carotene intake and genetic differences between cows ( Thompson et al. 1964) .
It is noteworthy that cows from sire B had the highest plasma β-carotene concentrations but the lowest plasma concentrations of α-tocopherol from week 18. However, the design of this study does not make it possible to determine whether these lower plasma α-tocopherol values were depressed by any antagonistic effect of β-carotene in feed and plasma.
Colostrum contains high concentrations of vitamin A, β-carotene and vitamin E and the secretion of colostrum is responsible for the decreased plasma concentrations of these vitamins around parturition (Goff & Stabel, 1990) . However, in our study there were marked differences between cows from the three sires in their ability to secrete vitamin A into colostrum. The subsequent fall in milk retinol content also varied : cows secreting large amounts of retinol into colostrum not only had lower troughs of concentration in their milk, but took longer to restore normal levels.
Owing to the low β-carotene status of the cows in the present study prior to parturition, we did not observe any markedly enhanced secretion of β-carotene into colostrum as would be expected from the findings of Johnston & Chew (1984) and Goff & Stabel (1990) . Larson et al. (1983) found a positive correlation between milk β-carotene concentration and milk fat concentration and a negative correlation between milk β-carotene concentration and milk yield, but in the present study we found only the latter.
In agreement with Hidiroglou (1989) and Nicholson & St-Laurent (1991) , we found a clear relationship between α-tocopherol concentrations in plasma and milk. Thompson et al. (1964) and Schingoethe et al. (1978) demonstrated that the α-tocopherol content of milk is highly dependent on the vitamin E content in the feed. However, Yeargan et al. (1979) suggested that there is an upper physiological limit for secretion of " 45 µg α-tocopherol\g milk fat.
The estimates of V max indicate the effect of sire on the relationship between plasma levels and total daily secretion of α-tocopherol into milk. The different V max and K m values for the cows from the three sires are consistent with the significant interaction between sire and week found for α-tocopherol in plasma (Fig. 1) . The low K m value for cows from sire A (as compared with those from sires B and C) is associated with a high secretion of α-tocopherol into the milk at low plasma concentrations. A low K m and a high transfer rate to the milk at low plasma concentrations will keep plasma α-tocopherol low for longer than in cows with higher K m values.
Differences between cows from the three sires in plasma β-carotene concentrations in early lactation can also be explained by their different K m . Thus, the high K m for cows from sire B implies an impeded transport of β-carotene from blood plasma into milk at low plasma concentrations, which allows β-carotene to accumulate in body pools, including plasma. On the other hand, cows from sire A with low K m values will not accumulate β-carotene in plasma and other body pools at low plasma concentrations, as more will be secreted into the milk (Figs 1-3) .
The mechanism proposed for the quantitative secretion of α-tocopherol and β-carotene from blood plasma into milk makes it possible to account for some of the relationships between dietary intake, plasma concentration and milk concentration of α-tocopherol and β-carotene that would otherwise be difficult to explain. StLaurent et al. (1990) found that after a certain level there was no further increase in milk α-tocopherol even when plasma concentration continued to increase. This is in agreement with our findings and can be explained by the Michaelis-Menten kinetics, since there will be no further increase in secretion into the milk once the maximal secretion capacity has been reached. This is also compatible with the suggestion of Yeargan et al. (1979) of an upper physiological limit to the concentration of α-tocopherol in cows' milk. Weiss et al. (1990) found a daily secretion of α-tocopherol into milk of 20-40 mg. Knight et al. (1994) observed the same ranking of plasma β-carotene concentrations in the milk of heifers regardless of whether their feed was high or low in β-carotene, indicating individual variations among cattle within the same breed. Michaelis-Menten kinetics may also explain why problems with off flavours often increase with increasing milk yield (Nicholson & Charmley, 1991 ; Nicholson, 1993) , as one of the consequences is that the total secretion of α-tocopherol and β-carotene into milk is independent of milk and milk fat yield. The marked differences between cows from different genetic backgrounds in their maximum secretion capacity of α-tocopherol into milk found in the present study neatly explain why it is difficult to increase α-tocopherol concentrations in the milk of some herds and groups of cows. These genetic differences between cows present a challenge for breeding programmes, even though more research is needed to elucidate the importance of various physiological changes. The role of an α-tocopherol-binding protein in the transfer of α-tocopherol to microsomes (Behrens & Madere, 1982) and the preferential incorporation of 2R-α-tocopherol over 2S-α-tocopherol into chylomicrons (Burton & Traber, 1990) further strengthen the hypothesis of an active transport of α-tocopherol into milk. The work of Burton & Traber (1990) also makes it even more important to take account of stereochemical differences between isomers when choosing the vitamin E source in animal nutrition.
The evidence that the secretion of α-tocopherol and β-carotene into milk is better described in mg\d rather than in µg\g milk or milk fat is of practical importance. The lack of correlation between the capacity for secreting these vitamins into milk and the yield of milk or milk fat may have serious implications for breeding and management programmes. Unless this is taken into account, breeding for continuously increasing milk yield may cause a steady dilution of these important vitamins and antioxidants in the milk fat. 
